Abstract: Geosynthetics have been extensively implemented as a pavement maintenance solution to minimize reflective cracking. However, geosynthetics within asphalt overlays can also be used to improve the pavement structural capacity, potentially resulting in reduced permanent displacements and strains in pavement structural layers. Combination of accelerated pavement testing techniques and numerical simulations would be particularly suitable to assess the comparatively new use of geogrids for increased structural capacity of asphalt overlays. Accordingly, this study focuses on two-dimensional finite-element simulations conducted to identify the variables that govern the performance of geogrid-reinforced asphalt overlays and their effect on the response of flexible pavements. The finite-element model is validated by comparing the numerical predictions with the experimental results obtained in large-scale accelerated paved models. A series of finite-element parametric evaluations is conducted by varying the stiffness of both the geogrid and the subgrade materials. The strains mobilized within the geogrid under static loading are also evaluated. The numerical predictions indicate that the presence of the geogrids significantly affects the structural behavior of the pavement, as observed through reduced vertical displacements and strains, although such reductions are not significantly affected by the increases in geogrid stiffness. A reduction in pavement stresses is observed, mainly in the base course layer. The finite-element parametric evaluations show that geogrids placed within the asphalt layers are able to increase the overall bearing capacity of the pavement system, even for cases involving weak subgrades. Finally, the mechanisms of structural enhancement can be associated with numerically predicted geogrid strain distribution, which is found to be particularly consistent with experimental results.
Introduction
New materials and technologies have made road design, construction, and maintenance more sustainable and resilient, and new methods facilitate determining when, where, and how best to preserve pavements (ASCE 2017) . As a new technology, geosynthetics have been extensively implemented to minimize reflective cracking in paved roads (Austin and Gilchrist 1996; Khodaii et al. 2009; Gonzalez-Torre et al. 2015) . More recently, geogrids have been considered as reinforcement inclusions in asphalt overlays to improve the mechanical performance of newly constructed or rehabilitated pavements (e.g., Laurinavičius and Oginskas 2006; Siriwardane et al. 2010; Solaimanian 2013; Graziani et al. 2014; Mounes et al. 2014; Correia and Zornberg 2016) . Although relevant, the research conducted on the use of geogrids to structurally enhance asphalt overlays, through both large-scale laboratory and field sections, has been limited. However, the actual data have shown not only that geogrids lead to asphalt tensile strain reductions, but that they minimize permanent displacements and pavement critical strains. On the other hand, few numerical predictions have been conducted to extrapolate the field and experimental evidence collected so far.
Studies aimed at understanding the reinforcement mechanisms of geosynthetic-reinforced asphalt pavements have been conducted recently, which are expected to aid in the development of mechanistic-empirical design methods (Correia and Zornberg 2016) . Pavement performance depends on a significant number of factors, including the mechanical properties and thickness of roadway layers, position, type and properties of the geosynthetic, load characteristics, and the bond between geosynthetic and pavement layers (Taherkhani and Jalali 2016) . The effect of combinations of these many factors is difficult to assess through large-scale laboratory or field sections, which can effectively assess only a limited combination of the many parameter values and boundary conditions that may influence the pavement response.
Numerical evaluations using two-dimensional (2D) finiteelement simulations have been conducted to assess the mechanical improvement of paved or unpaved road structures using geosynthetic-stablished base courses (e.g., Perkins 2001; Nazzal et al. 2010; Abu-Farsakh and Chen 2011) . Numerical simulations have also been reported to assess the mechanical improvement of geosynthetic-reinforced asphalt layers (Pandey et al. 2012; Abu-Farsakh et al. 2014; Faheem and Hassan 2014; Al-Jumaili 2016; Taherkhani and Jalali 2016) , but only a few numerical predictions were validated from experimental evidence (Ling and Liu 2003; Abdesssemed et al. 2015) .
Some of these studies have aimed at understanding the influence of geogrids positioned at the bottom of the asphalt concrete layer and at different types of loading conditions. Using two-dimensional PLAXIS axisymmetric finite-element simulations, Pandey et al. (2012) analyzed the response of a geogrid-reinforced asphalt 1 Professor, Dept. of Civil Engineering, Federal Univ. of Sao Carlos, Sao Carlos, CEP 13565-905, Sao Paulo, Brazil (corresponding author). ORCID: https://orcid.org/0000-0002-6867-9596. Email: ncorreia@ufscar .br overlays subjected to static and cyclic loads. They reported that the use of geogrid led to a 14% reduction in asphalt tensile stains under cyclic loading and a reduction of 22% under static loading. Faheem and Hassan (2014) reported the results of 2D PLAXIS simulations to analyze the behavior of geogrid-reinforced asphalt overlays subjected to static and cyclic loadings. A significant improvement of the pavement behavior was observed, as quantified by reduced vertical displacements and effective stresses in the wheel load area. The effect of dynamic loading frequency was found to be significant only for high-amplitude loads, whereas the effect of the geogrid stiffness was found not to affect significantly the pavement mechanical response. Taherkhani and Jalali (2016) evaluated the effectiveness of the geosynthetics to reduce critical strains in flexible pavements under various dynamic axle load levels and using geogrids stiffness of different values, using ABAQUS. Geogrids (installed at the bottom of asphaltic layer) were mostly effective in reducing asphalt tensile strains, but did not affect the compressive strains achieved in the subgrade. Furthermore, decreasing asphalt tensile strains and compressive strains in the subgrade were found to occur with the use of geogrids.
Al-Jumaili (2016) reported the performance of geogridreinforced pavements using three-dimensional (3D) PLAXIS axisymmetric simulations to assess the influence of the geogrid position under cycling loadings. The pavement mechanical response was significantly affected when adding the geogrid between asphalt concrete layers.
In their research on reinforced asphalt concrete pavements, Ling and Liu (2003) described a 2D PLAXIS plane strain finiteelement evaluation validated by comparison with results obtained from a series of large-scale pavement models (Ling and Liu 2001) . The geogrid was positioned at the interface of the base and the asphaltic layer under monotonic loading. The reinforcement effect was more pronounced for comparatively weaker bases, and increased as the strain level increased in relation to the tensile strain mobilized in the geogrid. Abdesssemed et al. (2015) compared the field monitoring results from a project involving asphalt rehabilitation of a runway airport with the predictions from 3D finite-element simulations conducted using ABAQUS under static loading. The experimental results involving geogrid-reinforced asphalt concrete tensile strains and pavement stresses compared well with the numerical predictions, with dispersions below 10%.
In summary, a review of previous studies involving finiteelement evaluations of geogrid-reinforced asphalt overlays reveals the potential benefits of using numerical predictions to assess the impact of geogrids on the pavement mechanical behavior. However, previous studies have not focused on identifying the actual mechanisms that lead to improved pavement performance when using geogrids. In particular, the prediction of tensile strains mobilized in the reinforcements are expected to be particularly useful to achieve this goal. Consequently, this study conducted 2D finiteelement simulations to assess the effect of geogrid-reinforced asphalt overlays on the response of flexible pavements, with particular emphasis on assessing the geogrid strain distribution. The numerical simulations were conducted using PLAXIS and were validated by comparing the numerical predictions with the experimental results obtained in large-scale accelerated paved models (Correia 2014) . A series of finite-element parametric evaluations was conducted by varying the stiffness of both geogrid and subgrade materials in order to extend the range of properties considered in the experimental program. Simulations also focused on cases involving foundation materials of particularly low shear strength in order to assess the potential of using geogrids embedded in asphalt layers for weak subgrade conditions.
Brief Description of Laboratory Paved Road Model
The results obtained from a series of well-controlled large-scale paved model tests by Correia (2014) were used to validate the finite-element procedures in this research. The large-scale paved road models were loaded using a wheel tracking facility aimed at simulating a truck wheel load. The wheel tracking facility was installed over a large steel testing box with internal dimensions of 1.8 m (height), 1.6 m (width), and 1.8 m (length) where the paved road models were constructed. The wheel (546 mm in diameter and 154 mm in width) resulted in a contact pressure of approximately 700 kPa. The wheel moved at a speed of 3.6 km=h with a load frequency of 0.4 Hz. Correia and Zornberg (2016) provided additional details about the wheel tracking facility, load application, scope of the experimental program, and the instrumentation plan used in this research. Fig. 1 shows the experimental geogrid-reinforced paved road model setup. The pavement structure consisted of a 60-mm-thick asphalt overlay, a 50-mm asphalt layer, a 200-mm granular base course layer, and a 1.0-m-deep subgrade soil layer. The asphalt concrete (AC) layer was compacted in single lifts using a vibratory plate. The aggregate used for the base course layer (basaltic crushed stones) was classified as A-1-a according to ASTM D3282 (ASTM 2015) and was compacted using 100-mm-thick lifts, also using a vibratory plate. The subgrade layer material was classified as A-7-5 according to ASTM D3282 (ASTM 2015), and it was compacted in the testing box in 50-mm-thick lifts using manual procedures. The target dry density and water content used during construction corresponded to a relatively weak subgrade condition, characterized by a California bearing ratio (CBR) of 4.5%. The geogrid reinforcement involved a polyvinyl alcohol (PVA) geogrid bonded to a polypropylene (PP) nonwoven geotextile, which was installed between the existing asphalt layer and the new overlay. The geogrid reinforcement was characterized by an ultimate tensile strength of 50 kN=m and a secant stiffness of 900 kN=m at 2% strain, according to ASTM D6637 (ASTM 2015). Correia (2014) provided additional details regarding material properties, compaction procedures, and quality control during construction of the paved road models.
An instrumentation program was designed to monitor the relevant variables in the paved road models with the objective of quantifying the mechanical response of the pavement layers under wheel loading. Specifically, asphalt surface vertical displacements were monitored using LVDTs. In addition, H-type asphalt strain gauges (ASG) were installed within the AC layers to measure traffic-induced tensile strains. Finally, pressure cells were installed to monitor vertical stresses at critical locations, such as the interface between AC layers, the bottom of lower AC layer, the middle of the base course, and the top of the subgrade. The strains along the geogrid were measured using mechanical extensometers (Correia 2014 ).
Finite-Element Validation Using Experimental Results
A 2D axisymmetric finite-element model was developed using the PLAXIS version 8 finite-elements software package (Brinkgreve and Vermeer 1998) to validate numerical predictions against experimental data from large-scale geosynthetic reinforced pavement models. Accordingly, the finite-element model adopted the geometry and mechanical characteristics of one of the large-scale geogrid-reinforced paved road models (Correia 2014) described in Fig. 1 . Linear elastic materials were considered for the geogrid and asphalt layer materials. The elastic model was deemed adequate considering that the induced strains are very small and considered within the elastic range (Dondi 1994; Perkins 2001; Ling and Liu 2003; Pandey et al. 2012; Faheem and Hassan 2014; Abdesssemed et al. 2015; Al-Jumaili 2016; Taherkhani and Jalali 2016) . The geogrid was modeled as structural element with 900 kN/m stiffness defined using the unit tension at 2% axial strain. The base course and the subgrade soils were modeled using the Mohr-Coulomb constitutive model, calibrated using the results from triaxial compression tests (Correia 2014) . The selection of this model is consistent with that reported in previous studies (e.g., Ling and Liu 2003; Faheem and Hassan 2014; Al-Jumaili 2016) . Table 1 lists the material properties and constitutive models adopted in the initial finite-element simulation. Fig. 2 shows the 2D finite-element mesh, with 15-noded structural solid elements, used in the analysis of the geogrid-reinforced paved road models. Because of symmetry, only half of the pavement system was simulated. The two sides of the mesh were fixed horizontally but allowed to move vertically, whereas the bottom of the mesh was assumed to be rough by restraining horizontal and vertical displacements. The interaction between the geosynthetic and asphalt layers was simplified by assuming full bonding between these two layers. This approach was adopted by other researchers (Ling and Liu 2003; Rota 2011; Pandey et al. 2012 ). The loading condition was simulated in this study by applying a contact pressure of 700 kPa, which was also used in the laboratory tests. Regarding the loading mode, Faheem and Hassan (2014) verified that dynamic loading had no significant influence on the geogrid-reinforced pavement behavior for low stress amplitudes. Other studies investigated the impact of static loads by comparing numerical predictions with dynamic loads in laboratory or field sections (Ling and Liu 2003; Siriwardane et al. 2010; Abdesssemed et al. 2015) .
The results obtained from the numerical predictions were compared with experimental results in order to validate the numerical model. Specifically, the rest of this section compares the experimental and predicted effective vertical stress distribution in pavement layers, the asphalt surface displacement profile, and the geogrid strain distribution.
The developed finite-element model accurately predicted the effective vertical stresses measured in the instrumented paved road model (Fig. 3) . The good comparison was observed for all the considered critical locations (at the interface between asphalt layers, at the bottom of lower asphalt layer, in the middle of the base course, and 10 cm below the top of the subgrade layer). Fig. 4 compares the experimental and predicted final rutting profile (i.e., surface vertical displacement). In this case, too, the finiteelement model was capable of accurately simulating the maximum vertical displacements under the wheel load area (rutting) obtained in the laboratory paved road model. However, the numerical predictions do not show the AC upheaval area alongside wheel track that is observed in the experimental results. The excessive deformation in the experimental results can be explained by an initial asphalt concrete consolidation, which is commonly characterized by postcompaction phase (Paterson 1987) . As indicated in the rutting profiles reported by Correia and Zornberg (2016) , after an initial intense rate of deformation (up to 20,000 load cycles), AC deformation stabilized throughout the test (up to 100,000 load cycles), resulting in a uniform deformation over time. Saevarsdottir (2014) found a similar rutting development behavior as part of a comparison of finite-element model results and results from laboratory large-scale pavement sections. In those evaluations as well, the model did not capture an excessive amount of rutting in the initial stages of the test. Even though the model used in this research did not capture all aspects of AC layer long-term performance, the numerical predictions show good correlation in terms of maximum surface vertical displacements. Fig. 5 shows the horizontal strain distribution along the geogrid reinforcement, as obtained in the experimental program and in the numerical predictions, conducted using the initial stiffness (J) of the actual geogrid (J ¼ 900 kN=m). The numerical model captured the same trend in strain distribution as obtained in the experimental results, in which maximum tensile strains developed near the wheel load, and decreased with increasing distance from the wheel path. However, as with the comparison obtained for vertical displacements, shows that the numerical predictions did not precisely capture the trend observed in the experimental results in the area characterized by upheaval of the AC layer (Fig. 5) . Ling and Liu (2003) reported on the limitation of the linear elastic models to reproduce volumetric changes in the AC material and the often nonlinear behavior of geogrids. Still, the model was capable of reproducing the magnitude and location of the maximum strain in the geogrid reinforcement. Furthermore, the numerical prediction was able to properly define the area along which there was no geogrid mobilization (300 mm from the wheel load). Thus, the finiteelement procedures adopted in this research were able to predict the vertical stress distribution and, with reasonable accuracy, the surface vertical displacement profile and geogrid strain distribution obtained from experimental results. Correia (2014) provided similar results of cumulative plastic strains obtained by the transverse ASG installed between AC layers compared with the results presented in the finite-element model (approximately 1,000 με).
Finite-Element Parametric Evaluation
The finite-element parametric evaluation proposed in this study was conducted using the validated geogrid-reinforced finite-element model focused on assessing the effect of varying the reinforcement and subgrade stiffness. The presence of weak subgrades was represented by adopting a comparatively low Young's modulus for the soil, which is related to low California bearing ratio values. A weak subgrade was used in order to assess the potential of geogridreinforced asphalt overlays to enhance the bearing capacity of flexible pavements. Table 2 presents the input parameters adopted to represent the reinforcement materials and the subgrade. As part of the parametric study, a comparatively thin AC layer involving a 20-mm-thick lower asphalt layer and a 30-mm-thick upper asphalt layer was used in the pavement structure. The simulations were conducted in order to assess the combined effect of varying both the geogrid and subgrade stiffness. The thickness of the base course layer (200 mm) and the subgrade layer (1.0 m) were not changed. The parametric evaluations focused on the effect of stiffness in the geogrid and subgrade materials on the vertical stresses in pavement layers, the lateral strains in the pavement layers, the vertical surface displacements, and the strain distribution in the geogrid installed between asphalt layers. Fig. 6 shows the results of a parametric evaluation illustrating the effect of geogrid stiffness on the vertical stress distribution in the pavement models. Analyses were conducted using different subgrade conditions characterized by subgrade stiffness values ranging from 1,250 to 6,500 kPa. The predicted vertical stress profiles varied with different subgrade stiffness for reinforced and unreinforced models.
The presence of the geosynthetic reinforcement affected the distribution significantly relative to that observed in the unreinforced model. Specifically, the vertical stresses at the bottom of the AC layers and along the base course were considerably reduced when using reinforcements. In addition, increasing geogrid stiffness values were found to directly affect the stresses transmitted to the base course layer. This behavior was found to be more significant in the case of comparatively weak subgrades [e.g., Fig. 6(d) ], in which the reinforcement effect led to more significant improvement. Fig. 7 presents the vertical profiles of predicted lateral strains profiles, which illustrates the effect of geogrid stiffness on the lateral strain profiles (under wheel load) for different subgrade stiffness values. The presence of geogrid reinforcements between AC layers was found to lead to a reduction in lateral strains, especially toward the bottom of AC layers and at the top of base course layers. The magnitude of the tensile strains at the bottom of AC layer is particularly relevant in pavement design methods, because these strains are responsible for the development of cracks. The results in Fig. 7 show that, even though the presence of the geogrid reinforcement led to important reductions in the tensile strains of various pavement layers, such reduction was not particularly affected by the magnitude of the geogrid stiffness, at least for the stiffness range considered in this evaluation. These trends are consistent with those reported by Taherkhani and Jalali (2016) , who indicated that finite-element predictions of geogrid-reinforced asphalt layers result in tensile strains reductions that were not sensitive to the geosynthetic stiffness. Consequently, the use of highstiffness geogrids may not result in significant reductions in lateral strains. In addition, the use of geogrid reinforcement inclusion in the asphalt layers was found to result in reasonably constant lateral strains in pavement layers (for the different subgrade stiffness values considered in this study). On the other hand, the numerical predictions indicate that the level of lateral strains in unreinforced systems increases with decreasing subgrade stiffness. A reduction in pavement vertical stresses, concurrent with a reduction in lateral strains, was found to result in reductions in pavement vertical deflections. Fig. 8 shows maximum surface vertical displacements directly under the wheel load (rut depth) predicted for different subgrade and geogrid stiffness values. The placement of a geogrid reinforcement at the interface between asphalt layers was found to lead to a reduction in the maximum surface deformations of all reinforced models, as also observed in the experimental laboratory tests. Comparison of the predicted deflections in the reinforced and unreinforced models revealed that the maximum rut depth was reduced by up to 40%, which shows that the geogrid acted as a reinforcement element within the pavement structure. The improvement was more evident for the case of comparatively weaker subgrade conditions. However, the increase in geogrid stiffness was found not to affect significantly the magnitude of the surface deflection.
In order to gain a better understanding on the geosynthetic reinforcement mechanisms mobilized in a pavement structure with a geogrid installed in the AC layer, the distribution of geogrid strains induced by loading was evaluated for different levels of geogrid stiffness. Fig. 9 shows the predicted horizontal strain distribution at the interface between AC layers (geogrid position) for the range of subgrade and geogrid stiffness values. The magnitude of horizontal strains in the unreinforced model at the interface between AC layers was found to significantly increase with decreasing values of subgrade stiffness (particularly at the wheel path location). On the other hand, the presence of a geogrid between the AC layers resulted in reductions in the tensile strains along the geogrid. Predicted tensile strain distribution and strain magnitude were found to show similar results for the various subgrade stiffness values considered in this study. Under the wheel load, the effect of geogrids stiffness on maximum tensile strains was found to be more prominent for the case of weak subgrades [Figs. 9(c and d)] .
Conclusions
This paper presented the results of a two-dimensional finiteelement simulations conducted using PLAXIS to analyze geogridreinforced asphalt overlays over flexible pavements. The numerical procedures were validated by comparing the experimental results obtained in large-scale accelerated pavement facility with the numerical predictions. A series of finite-element parametric evaluations was conducted with emphasis on the effect of varying geogrid and subgrade stiffness values. Based on the results obtained from this research, the following conclusions can be drawn:
• The finite-element procedures adopted in this research were able to predict the vertical stress distributions in pavement layers and, with reasonable accuracy, the asphalt surface vertical displacements. In addition, it was possible to verify the trends in the geogrid strain distribution and mobilized tension, which were also found to be consistent with experimental results.
• The numerical predictions indicated that an increase in geogrid stiffness results in reduced pavement vertical stresses, especially for wheel load-induced stresses transmitted to the base course layers and top of the subgrade. This indicates that the presence of a geogrid reinforcement within the asphaltic layers can improve the response of the other layers in the pavement system, particularly in the case of comparatively weak subgrades.
• The use of geogrids within the AC layer was found to significantly decrease the magnitude of lateral strains induced over the entire pavement structure. However, the decrease was found not to be particularly affected by the magnitude of the geogrid stiffness. The results predicted for the case of reinforced models indicate that the lateral strains at the bottom of the asphalt layer are insensitive to the magnitude of the subgrade stiffness. However, the magnitude of lateral strains was particularly higher in the case of unreinforced than in reinforced systems.
• The asphalt surface vertical displacements were observed to decrease in the geogrid-reinforced models when compared with those in the unreinforced model. The reduction was more significant for the case of comparatively weaker subgrades, although the magnitude of the geogrid stiffness rendered no significant differences in the improved vertical displacements.
• Comparison of the measured and predicted strains along the geogrid reinforcement revealed similar trends in the magnitude and location of strains, regardless of geogrid stiffness. However, the predicted strains were found to be higher for the case of comparatively weaker subgrade conditions. Overall, the use of finite-element simulations was verified as a versatile tool, with the potential of enhancing the design approaches for reinforced-overlay systems. Results showed that geogrids placed within asphalt layers are able to reduce the load-induced stresses and strains transmitted to pavement layers, even for weak subgrade conditions. This added structural capacity benefit in geogrid-reinforced asphalt layers complements the use of the geosynthetics to minimize reflective cracking.
